Fractal flow conditioner is a flow conditioner with a fractal pattern and used to eliminate turbulence originating from pipe fittings in experimental fluid flow applications. In this paper, steady state, incompressible, swirling turbulent flow through circle grid space filling fractal plate (Fractal flow conditioner) has been studied. The solution and the analysis were carried out using finite volume CFD solver FLUENT 6.2. The turbulence model used in this investigation is the standard k-ε model and the results were compared with the pressure drop correlation of BS EN ISO 5167-2:2003. The results showed that the standard k-ε model gave a good agreement with the ISO pressure drop correlation. Therefore, the model was used further to predict the effects of circle grids space filling plate thickness on the flow characteristics.
Introduction
The installation conditions of flowmeters have a more pronounced effect on their performance than construction. Numerous research workers have investigated experimentally and computationally these effects with reference to the shift in flow meter discharge coefficient. Aichouni et al. [1, 2] reported errors up to ±30% on a Venturi flow meter while Yeh and Matingly [3] reported errors up to ±17% on an ultrasonic flow meter when the meter is subject to distorted flow conditions. Given that most industrial pipe fittings, which are sources of both swirl, asymmetries and turbulence distortions, ensuring that fully developed flow in terms of both mean flow and turbulence structure approaches the meter is difficult to achieve in practice. Another disadvantage of pipe fittings, in this sense, is the generation of distorted velocity profiles associated with varying degrees of swirl at the inlet of flowmeter. Satisfactory stipulations to avoid flowmeter calibration and measurement errors entail a flow with 2º swirl angle and a ratio of axial velocity at any point on a given pipe cross section to the maximum axial velocity at the same cross section is within 5% of the corresponding ratio of fully developed flow as measured in the same pipe after 100 pipe diameter length [4] .
In order to achieve these conditions, great lengths of straight pipes are required between the flowmeter and the nearest upstream fitting to decay the vortical motion of the turbulent swirling flow; these lengths are typically equivalent to 600 times of the pipe diameter [5] . Alternatively, turbulent swirling flow can be adapted to meet the conditions of flowmeter minimum error performance by the employment of flow conditioners upstream of the flowmeter. Flow conditioners are designed to reorder the velocity profile in order to create fully developed turbulent flow [6] . Although these devices have been used for decades, there are several questions that need to be answered to define the geometry that would provide the optimum performance. Such performance is characterized by minimum swirl angle, more stable and repetitive velocity profile as well as minimum downstream pipe length.
The fractal flow conditioner consists of a thin perforated plate with various holes diameters designed to eliminate swirl. Experimental works using this type of flow conditioner showed that the fractal flow conditioner located at 5D upstream of the orifice plate give the small change in discharge coefficient compare to the standard one [7] .
Objectives and Description. In this paper, the turbulent swirling flow through fractal plate flow conditioner is analyzed through the standard k-ε model and the effect of plate thickness on the flow dynamics is studied numerically. A detailed flow insight is presented to explain the swirl removal effect of the fractal flow conditioner at different thicknesses. One purpose of this study is to determine the optimum plate thickness that would result in a swirl-free flow after the shortest distance downstream of the conditioner plate. The CAD geometry and numerical model are validated through a comparison between the pressure drops resulting from the standard k-ε model with the pressure drop calculated by standard equations. The validated turbulence model is used afterwards to study the effect of plate thickness on the flow dynamics.
Mathematical Formulation
Geometry of the Fractal Flow Conditioner. The fractal flow conditioner has two grades of holes, as described in Fig. 1 . The smaller holes are concentrated near the plate edge because the major concentration of eddies and swirl is near the wall. On the other hand, this radial reduction of hole diameter assists in stabilizing the velocity distribution. The geometry of holes is expressed in terms of plate diameter (i.e. pipe internal diameter). In the present study, an outer diameter of 50 mm is adopted for the fractal flow conditioner plate.
Hole grade
Number of holes Hole diameter Governing Equations. In this study, incompressible, unsteady, and isothermal flow is assumed. Based on these assumptions, the governing equations are as follows:
where u is the velocity component in x i direction, ρ is the density and p is the static pressure. In the case of RANS modeling, the over-bar denotes time averaging. The stress tensor τ ij is an unknown term representing Reynolds stress tensor ( ) in the case of RANS. This additional term in the governing equations is the result of averaging of time dependent Navier-Stokes equations and needs to be modeled in order to achieve closure. Details about transport equation and closure approximation are presented in FLUENT 6.2 User's Guide.
Turbulence Modelling. In this section the three turbulence models used in the numerical simulation are described briefly. The Standard k-ε Model. The standard k-ε model is a two equation eddy viscosity turbulence model. In this model, the eddy viscosity is computed based on the turbulence kinetic energy k, and the turbulence dissipation rate ε via: (3) Each of these two turbulence scales has its transport equation. The turbulence kinetic energy equation is derived from the exact momentum equation by taking the trace of the Reynolds stress. This equation can be expressed as: (4) The dissipation rate equation, on the other hand, is obtained using physical reasoning. The equation is:
The standard k-ε has five empirical constants C μ , σ k , σ ε , C ε1 and C ε2 with values of 0.09, 1.0, 1.3, 1.44 and 1.92, respectively. These values were obtained from experiments and computer optimization. It is worthy noting that these values are not universal and the k-ε model requires a certain amount of fine tuning in order to obtain correct results.
Simulation

CFD Model Validation.
In order to validate the proposed CFD model and implement in the presented study, the above mentioned model had been run. The inlet axial and swirl velocity components were 11.55 m/s and 6.1 m/s, respectively. It should be noted that at the inlet section of the computational domain, the axial and tangential velocities maintain constant values with respect to the radial direction up to the wall. The results show that the standard k-ε models using 1st order scheme performed poorly in this type of flow, with the solution using quick scheme performing slightly better. Subsequently pressure drop was computed across the fractal flow conditioner at four different axial velocities with a constant inlet swirl angle of 20 o . The purpose of this stage of validation is to confirm the suitability of all models to solve the present problem. The computed pressure drop is plotted against the average inlet axial velocity in Fig. 2 . Fig. 2 Comparison between standard and simulated pressure drops across fractal flow conditioner plate at four different axial velocities.
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The standard pressure drop was calculated using the standard equation stated in ISO 5167, and it was found to be 238.5 Pa. In contrast, the pressure drop was computed from the CFD analysis using the standard k-ε turbulence model at distances 1D and 0.5D upstream and downstream the fractal flow conditioner respectively. Table 1 gives the validation results. Table 1 Pressure drop across the fractal flow conditioner
Results and Discussion
Plate Thickness Effect. The effect of plate thickness on the swirl angle and tangential velocity is illustrated in Fig. 3 . The tangential velocity is more affected by the plate thickness than swirl angle. However, both decrease significantly when the plate thickness increases. Compared to the flow pattern, the increase in plate thickness was found to increase the pressure drop across the fractal flow conditioner by only 18.5%, which is relatively insignificant. At the maximum plate thickness, the pressure drop was found to be 282.6 Pa, compared to 238.5 Pa at the standard thickness. The reason behind is that pressure drop is highly dependent on the boundary layer behavior, and in the present case, the plate thickness, even at maximum value, does not allow the boundary layer to uniformly develop in the plate holes. As for the tangential velocity, the smaller diameter holes near the boundary flow region modify the tangential velocity, which has higher values near the walls, and turn it into axial velocity. That is why the axial velocity increases at the exit plane. Fig. 4 Average tangential velocity and swirl angle at pipe outlet for different plate thicknesses
The effect of plate thickness (t p ) on eliminating swirl from the flow field is explained in terms of two parameters: tangential velocity and swirl angle. Fig. 4 illustrates the planar velocity, v p vectors at inlet and outlet sections for the fractal flow conditioner with four different thicknesses. The swirl angle at the inlet is constant at 20 o . 
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Conclusions A 3-D numerical investigation of the incompressible isothermal flow through the fractal flow conditioner has been conducted. The CFD model was validated through comparison with the ISO pressure drop correlation. The comparison showed that the standard k-ε turbulence model with quick scheme yielded better agreement than the standard mm turbelrnt model. A detailed description of the flow field through the plate has been presented. A flow conditioning effect has been revealed through the flow insight. The plate thickness was found to have a fundamental effect on the flow quality in terms of swirl removal. Plate thickness was proved to be inversely proportional to the swirl angle and tangential velocity component. The average tangential velocity at the outlet plane decreased from 1.8 m/s to 0.02 m/s when the plate thickness increased from 1 mm to 12 mm, respectively, at the same inlet conditions. As for the swirl angle, it decreased from 8.6 o to 0.08 o due to the same increase in plate thickness. The study suggests that fractal flow conditioner can be employed as a conditioner with optimized plate thickness.
